I n Brassica species, self-incompatibility has been mapped genetically to a single chromosomal location. In this region, there are two closely linked genes coding for the S locus glycoprotein (SLG) and S locus receptor kinase (SRK). They appear to comprise the pistil component of the self-incompatibility reaction. SLG and SRK are thought to recognize an unknown pollen component on the incompatible pollen, and the gene encoding this pollen component must also be linked to the SLG and SRK genes. To further our understanding of self-incompatibility, the chromosomal region carrying the SLG and SRK genes has been studied. The physical region between the SLG-910 and the SRK-910 genes i n the &as-sica napus W1 line was cloned, and a search for genes expressed in the anther revealed two additional S locus genes located downstream of the SLG-910 gene. Because these two genes are nove1 and are conserved at other S alleles, we designated them as SLL1 and SLL2 (for S locus-linked genes 1 and 2, respectively). The SLL, gene is S locus specific, whereas the SLL2 gene is not only present at the S locus but is also present i n other parts of the genomes i n both selfincompatible and self-compatible Brassica ssp lines. Expression of the SLL1 gene is only detectable in anthers of selfincompatible plants and i s developmentally regulated during anther development, whereas the SLL2 gene is expressed i n anthers and stigmas i n both self-incompatible and self-compatible plants, with the highest levels of expression occurring in the stigmas. Although SLLl and SLL2 are linked to the S locus region, it is not clear whether these genes function in self-incompatibility or serve some other cellular roles i n pollen-pistil functions.
INTRODUCTION
Self-incompatibility (SI) is the single most important means by which angiosperms promote outbreeding. It is a mechanism that regulates the acceptance or rejection of pollen. In the genus Brassica, SI is controlled by a single genetic locus, the S locus, with multiple alleles (Ockendon, 1974) . The diploid Brassica species B. rapa and B. oleracea are generally selfincompatible. On the other hand, the amphidiploid species 8. napus, originally derived from a natural cross between 6. rapa and B. oleracea, is normally self-compatible (Downey and Rakow, 1987) . In the self-incompatible species, rejection of self pollen occurs when the same S allele is present in the stigma and the pollen parent. A classical genetic analysis has grouped the Brassica S alleles into two categories based on their phenotypic effect on self-incompatible characteristics. ClaSS I alleles have a strong self-incompatible phenotypic effect and are generally considered dominant or codominant to other S alleles, whereas class II alleles demonstrate a weak self-incompatible phenotypic effect and therefore are considered to be recessive (Thompson and Taylor, 1966 To whom correspondence should be addressed.
Molecular genetic analysis has led to the identification of two closely linked genes at the S locus. One of the two S locus genes is named the S locus glycoprotein (SLG) gene, which encodes a secreted S locus-specific glycoprotein that is highly expressed in the papillar cells of the stigma surface and is secreted into the papillar cell wall (Nasrallah et al., 1987; Kandasamy et al., 1989) . The other is called the S locus receptor kinase (SRK) gene, which encodes a putative receptor protein kinase that presumably plays a key role in the initial molecular recognition at the papillar cell surface, resulting in the arrest of incompatible pollen . The structure of SRK consists of three domains: an N-terminal glycosylated extracellular domain that has extensive sequence homology with SLG, and a putative transmembrane domain followed by a cytoplasmic kinase domain . SRK has been shown to be a membrane-bound glycosylated protein in the stigma (Delorme et al., 1995; Stein et al., 1996) , and the cytoplasmic domain exhibits intrinsic serinekhreonine kinase activity when expressed in €scherichia coli (Goring and Rothstein, 1992; Stein and Nasrallah, 1993) .
60th SLG and SRK are most likely required for incompatible pollen rejection because mutations in SRK (Goring et al., 1993; Nasrallah et al., 1994) and loss of SLG expression (Toriyama et al., 1991; Nasrallah et al., 1992; Shiba et al., 1995) have been associated with SI. Recently, Giranton et al. (1995) reported the identification of a truncated form of the SRK 3 protein (they designated it eSRK 3 for extracellular domain of SRK 3 ) corresponding to the extracelluar domain of the putative receptor in stigmas of the S 3 allele. They ruled out the possibility that eSRK 3 was generated proteolytically from SRK 3 . In many animal systems, a soluble form of the receptor has been found to be generated from alternative splicing of the mRNA (Petch et al., 1990; Johnson et al., 1991) , and a ligand that binds to the receptor is involved in signal transduction. The analysis of restriction fragment length polymorphisms in F 2 populations segregating for different S allele pairs has demonstrated that the SLG and SRK genes are genetically linked to each other and to the self-incompatible phenotype Goring et al., 1992a) and thus behave as components of a single locus. Furthermore, pulsed-field gel electrophoresis (PFGE) analysis of genomic DNA from 6. oleracea has shown that the SLG and the SRK genes are physically linked and separated by ~200 and 350 kb of DNA for the S 6 and S 2 alleles, respectively (Boyes and Nasrallah, 1992) . indicating that recombination between the two genes should be extremely rare. Therefore, genetic and molecular data support the hypothesis that the chromosomal region defined by the SLG and SRK gene pairs corresponds to the genetically characterized S locus.
Because neither the SLG nor the SRK proteins have been identified in anthers, one possible model for SI in Brassica ssp involves the presence of an unidentified protein (ligand) on the pollen that is recognized by an SLG-SRK complex in stigma and that leads to pollen rejection. Given the genetic analysis of SI, factors that contribute to the complementary stigma and pollen recognition system must be encoded by the S locus region. It is crucial to characterize the chromosomal region defined by the SLG and SRK genes in detail to determine whether there are any anther-specific genes encoded by this chromosomal region and, if these are present, whether they are required for the expression and specificity of SI.
We have been working with two self-incompatible B. napus ssp oleifera lines called W1 and T2. The W1 line carries a functional B. rapa S locus in the self-compatible Westar background (Goring et al., 1992a) ; the T2 line carries a functional 8. napus ssp rapifera S locus in the self-compatible Topas background (Goring et al., 1992b) . The SLG and SRK genes (named the 910 allele for the W1 line and A14 allele for the T2 line) in the two lines have been characterized and shown to be very similar to many of the B. oleracea class I alleles (Goring et al., 1992a (Goring et al., , 1992b Glavin et al., 1994) . In addition, we have characterized a nonfunctional S locus (AW) found in W1, Westar, T2, Topas, and other B. napus lines and present in the part of the 8. napus genome derived from 8. oleracea (Goring et al., 1993) . Therefore, in the 8. napus W1 and T2 lines, there is a functional S allele in the 8. rapa-derived genome and the nonfunctional A10 allele in the 8. o/eracea-derived genome. In this study, we report the cloning and characterization of the genomic region that separates the SLG-910 and the SRK-910 genes in the W1 line and the identification of two additional S locus genes, which we have designated SLL, and SLL 2 (for S locus-linked gene 1 and 2, respectively). In addition, we present physical linkage data for the A14 allele and the nonfunctional AW allele.
RESULTS

Physical Linkage of the SLG-910 and SRK 910 Genes
The first step in characterizing the functional 970 allele in the W1 line was to determine the physical distance between the SLG-9W and SRK-9W genes. Because there are other genes with high-sequence homology to SLG-9W and SRK-9W genes present in the W1 genome, the coding regions of SLG-9W and SRK-9W genes could not be used as specific DNA probes for PFGE analysis. Therefore, we isolated the SLG-970 promoter (500 bp) and the SRK-9W promoter (1.7 kb) by ligation-mediated polymerase chain reaction (PCR) and inverse PCR, respectively, and used them as specific DNA probes for hybridization analysis. Figure 1 shows the PFGE hybridization results obtained from genomic DNA digested with six restriction enzymes. The SLG-970 promoter probe hybridized with single bands of ~25, 50, 80,120, 500, and 1000 kb on gel blots of DNA cleaved with the restriction enzymes EcoRI, Pvull, Eagl, Mlul, BssHII, and Notl, respectively (Figures 1A and 1B) . Banding patterns that The restriction enzyme that was used to digest each protoplast DNA sample is indicated above each lane. The DNA fragments were separated by PFGE on a 1.2% agarose gel at 165 V with a pulse regime of 6 hr each for 5, 15, 35, and 65 sec ( are identical to those obtained using the SLG-910 promoter probe were found when the same blots were hybridized with the SRK-910 promoter ( Figures 1C and 1D ). When conventional gel blots of DNA digested by the same restriction enzymes used for PFGE were probed with either promoter, no fragments shorter than 23 kb (data not shown) hybridized with the probes. (Any fragments shorter than 23 kb would not have been retained by PFGE under the electrophoretic parameters applied to the experiments of Figures 1A and 1D .) This confirmed the presence of a single DNA fragment hybridizing with the probes in those digests of Figure 1 . Therefore, we concluded that the restriction enzymes Pvull, Eagl, Mlul, BssHII, and Notl each generated a single DNA fragment that contained both SLG-910 and SRK-910 genes. Because there is an EcoRI site located in the kinase domain of the SRK-910 cDNA, the EcoRI fragment, which is ~25 kb, contained the SLG-910 gene and a portion of the SRK-910 gene.
Physical Linkage of the SLG-A14 and SRK-A14 Genes and the SLG-A10 and SRK-A10 Genes Two other S alleles were then analyzed by PFGE. The first is the A14 allele that is present in the T2 line (Goring et al., 1992b; Glavin et al., 1994) . The SRK-A14 (transmembrane and kinase region) or the SLG-A14 (entire coding region) genes were used to probe the DNA gel blots to determine the physical linkage of the two genes. Figure 2 shows the hybridization results of a representative DNA gel blot using four rare cutting enzymes. The SRK-A14 probe identified single bands of 500,170,49, and 100 kb on gel blots digested with Notl, BssHII, Pvull, and Mlul, respectively ( Figure 2A, lanes 1 to 4) . Single bands were also obtained with double digests of these enzymes (Figure 2 , lanes 5 to 7). Rehybridization of the gel blot shown in Figure 2A with the SLG-A14 probe gave identically sized bands ( Figure 2B ). The same experiment was repeated with a new gel blot except that in this case, the SRK-A14 DNA was used as the initial probe followed by the SLG-A14 probe, and these probes gave bands identical to those seen in Figure 2 (data not shown). Conventional gel blots containing DNA digested with the same enzymes did not show any hybridization signal with bands shorter than 23 kb (data not shown). Therefore, the enzymes each generated a single fragment that contained both SRK-A14 and SLG-A14 genes. As determined from the Pvull digest, the maximal physical distance between the SRK-A14 and SLG-A14 genes is ~49 kb of DNA.
The second allele analyzed was the nonfunctional A10 allele (Goring et al., 1993) . To determine the physical distance that separates the SLG-A10 and SRK-A 10 genes, a 1.7-kbSZ.G-A10 promoter and the SRK-A10 kinase region were used as probes to hybridize with a gel blot containing W1 protoplast DNA digested by restriction enzymes of BssHII, Eagl, Notl, Mlul, Pvull, andSmal. Figures 3A and 3B show the hybridization results. The maximum physical distance between SLG-A10 and SRK-A10 is ~60 kb, as determined by the Eagl fragment ( Figure 3 ). 
Cloning of the Genomic Sequence between SLG-910 and SRK-970 Genes
Because the physical distance between SLG-910 and SRK-970 genes is within 25 kb of DNA, it was feasible to screen a W1 genomic DNA library to clone the genomic region between SLG-910 and SRK-970 genes. Using the 3' end of SLG-910 cDNA and the SRK-970 promoter as probes, one genomic clone was isolated for each probe. We found that the 15-kb SLG-910 genomic clone contained the last 651 bp of the SLG-910 coding region plus its downstream region, whereas the 14-kb SRK-970 genomic clone started at ~5 kb upstream of the SRK-970 coding region and contained the SRK-970 gene plus its downstream region. No overlapping sequences between the two fragments were observed, indicating that a piece of DNA in between was still missing. Based on the PFGE data, the missing sequence was estimated to be ~2 kb and amplifiable by PCR. To amplify this region, it was necessary to use the long template PCR, presumably due to some structural constraints. A 2.1-kb fragment was amplified and cloned. Sequence analysis proved that the 2.1-kb fragment is correctly located between the two genomic DNA fragments. Gel blot analysis of W1, Westar, T2, and Topas genomic DNA with the 2.1-kb fragment as a probe indicated that it contained moderately repetitive sequences in the Brassica ssp genome (data not shown). Therefore, we concluded that the whole region defined by the SLG-970 and the SRK-970 genes is within 30 kb of DNA, which corresponds to the length expected from the PFGE results.
Cloning of SLL, and SLL 2 cDNAs Located at the S Locus and Their Sequence Analysis
To look for anther-specific genes in the region between the SLG-910 and SRK-970 genes, W1 anther libraries were screened with an equal amount of insert DNA from the SLG-910 and SRK-970 genomic clones. Because it is not known whether the pollen factor controlling SI specificity is expressed in diploid meiocytes premeiotically or in tapetal cells derived sporophytically, two anther cDNA libraries were produced by using anther mRNA from either 1-or 2-mm buds. These stages correspond to the premeiotic diploid meiocyte or to the microspore release during microsporogenesis, respectively (Scott et al., 1991) . Twenty-one positive colonies were identified. Cross-hybridization among them revealed that there were two distinct types of clones. Both of these hybridized only with the SLG-910 genomic fragment. They were found to be derived from genes that are ~2 and 4 kb downstream of the SLG-910 gene. Because the two genes are tightly linked to the SLG-910 and SRK-970 genes, we designated them as S/_/_, and SLL 2 . Sequence and RNA gel blot analysis revealed that the SLL, cDNA is not full length. Therefore, 5' rapid amplification of cDNA ends was used to generate the full-length cDNA. There are only two small open reading frames in this gene that predict proteins of 2 and 3 kD, respectively ( Figure 4) . A homology search in the GenBank data base did not reveal any related sequences. After comparing its cDNA sequence with the genomic sequence, two introns were identified ( Figure 4 ).
The SLL 2 cDNA contained the entire coding sequence, with an open reading frame of 1014 bp that encodes a polypeptide of 337 amino acids ( Figure 5 ). This polypeptide has a calculated molecular mass of 37.3 kD. Seven exons separated by six introns ( Figure 5 ) were found in this gene after the cDNA sequence was compared with its genomic sequence. This se- The arrowheads correspond to the sites of introns. The asterisks indicate stop codons The GenBank accession number is U66192. quence was no1 similarto any present in GenBank, indicating that it is a nove1 gene as well.
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The structure of the genes in this region is shown in Figure   6 . There are severa1 aspects that should be noted. The portion of the SRKgene that encodes the receptor domain is very similar to that sequence in the SLG gene. The direction of transcription is the same for the two genes, and they are present as a direct repeat separated by -20 kb of DNA. The SLL, and SLL2 genes are located close to the SLG gene and to each other, and both are transcribed in the same direction as the SLG and SRK genes.
Both SLL, and SLL2 Genes Are Conserved in Other S Alleles and Are Tightly Linked to SLG Genes Gel blot analyses of genomic DNA from W1, Westar, T2, and
Topas lines were performed to determine the specificity of SLLl and SLL2 genes to the W1 genome, the cosegregation of these genes with SI, and the copy number of these genes in the Brassica ssp genome. Genomic DNA digested with Ncol and/or Bglll for W1 and Westar or Ncol andlor Hindlll for T2
and Topas were hybridized with the SLLl and SLL2 cDNA fragments.
As illustrated in Figure 7 , the SLLl cDNA probe hybridized with only one genomic fragment digested with Bglll and Ncol in the self-compatible lines (Westar and Topas), whereas two genomic fragments were found to hybridize in the selfincompatible lines (W1 and T2). Because the nonfunctional A10 allele is known to be present in W1, T2, Westar, and Topas genomes, one of the hybridizing bands in W1 and T2 lines may correspond to a copy of this gene present in the 910 and A14 alleles, whereas the other may correspond to one in the A10 allele (Figure 7) . To determine whether the SLL, gene indeed is conserved in other S alleles, gel blots of the T2 line were hybridized with the SLGA74 cDNA and SLLI cDNA sequentially. The same banding patterns were obtained for both probes (data not shown), indicating that the SLLl gene in T2 is also tightly linked to the SLG-A14 gene. To determine whether the SLLl gene is also tightly linked to the SLG-AIO gene in Westar, a genomic DNA gel blot of Westar was probed with SLG-AIO and SLL1. An 11-kb Ncol band hybridized with both probes, indicating a very tight linkage in this case as well (data no1 s hown) .
If the SLLl gene codes for the ligand recognized by the SRK that accounts for the allele specificity of the SI reaction, then one would expect to see some sequence heterogeneity when this gene is derived from different self-incompatible alleles. PCR amplification of Westar DNA with SLLl genespecific primers generated a distinct band of the same size as SLL,. When the amplified Westar DNA fragment was cloned and sequenced, it had exactly the same genomic sequence as the SLL, cDNA derived from the 910 allele (data not shown). Furthermore, when the SLLl cDNA from T2 line was cloned and sequenced, it again was exactly the same in sequence as the SLLl gene in W1 line (data no1 shown). Therefore, it is very unlikely that this gene gives allele specificity in the pollen for the self-incompatible reaction. stigmas, and buds of different sizes and from leaves were subjected to RNA gel blot analysis. As illustrated in Figure 9 , the SLLi gene is only expressed in anthers of the W1 line but not in Westar ( Figure 9A ). When total RNA was isolated from W1 buds at different stages and probed with the SLLi cDNA clone, SLL, mRNA was found to be regulated during bud development, with the highest level of expression being observed from buds at the 3-and 4-mm stages ( Figure 9B ). SLL 2 mRNA could not be detected in leaves of the W1 (Figure 10A, lane 1) and Westar ( Figure 10A , lane 10) lines; however, a low level of mRNA was detected in anthers isolated from W1 ( Figure 10A , lanes 2 to 4) and at an even lower level in Westar, where it could only be seen as a very faint band on the autoradiogram ( Figure 10A, lane 8) . The highest level of expression in both lines was detected in stigmas ( Figure 10A , lanes 5 to 7 for W1 and lane 9 for Westar). This expression did not vary in buds of different sizes (1 to 7 mm) isolated from W1 ( Figure   10B ).
The SLL-i cDNA was also used to probe total RNA from leaves and buds of T2 and Topas. No expression was detected in leaves of T2 or Topas (data not shown). However, the expression pattern detected for different stages of T2 buds ( Figure  11 ) was similar to that observed in W1 buds ( Figure 9B) , with a 0.5-kb transcript being detected and with the highest level of expression also occurring at the 3-and 4-mm bud stages.
as a heterologous probe for another, no signal would be detected under the washing conditions used.
The SU.2 gene is not W1 line-and Si-specific because multiple bands are present in the genomes of the W1, Westar, T2, and Topas lines. Some of the four or five fragments longer than 2 kb with varying degrees of intensity appeared in the W1 and Westar genomic DNA digested with Ncol and Bglll enzymes, suggesting that the W1 and Westar genomes contain an approximately equivalent number of DNA sequences related to the SLL 2 structural gene (Figure 8 ). In contrast, fewer DNA sequences related to SLL 2 gene were identified in T2 and Topas genomic DNA digested with the Ncol and Hindlll restriction enzymes (Figure 8 ). Although there is more than one copy of the SLL 2 genes in self-incompatible lines, at least one copy of the SLL Z gene was found to be linked to the SLG gene in the 970, A14, and AW alleles, as determined by DNA gel blot analysis (data not shown). Similar to the case for SLL,, these genes cross-hybridized to each other under highstringency conditions.
Expressions of SLL 1 and SLL 2 Gene Transcripts
To determine the expression of the SLL, and SLL 2 genes in the W1 and Westar lines, total RNA samples from anthers, Kb 5 S 5 5 P A In contrast, no expression was seen in Topas (data not shown). Therefore, SLL, expression was detected in the anthers of self-incompatible lines (W1 and T2) but not in self-compatible lines (Westar and Topas).
The A14 and 970 alleles were originally derived from B. rapa (Goring et al., 1992a (Goring et al., , 1992b . Although the AID allele is present in a C genome chromosome of B. napus, there is very good evidence that it too was derived from B. rapa (D. Lydiate, personal communication). The chromosomal regions defined by the SLG and SRK genes of the 970, A14, and AW alleles are at most ~25, 49, and 60 kb of DNA, respectively. The detailed analysis of the 970 S region has led to the following conclusions. First, there are at least four transcribed regions, each of which is transcribed in the same direction. This means that the SLG and the receptor-coding region of the SRK gene form a direct repeat, although these regions are only 90% similar. Second, the S/.L, gene is only present at this chromosomal region, whereas genes similar to SLG (Goring et al., 1992b), SRK (Kumar and Trick, 1994) , and SLL 2 (this work) are present at other chromosomal locations. Third, there is considerable sequence heterogeneity in the SLG and SRK genes from different class l-like S alleles (these vary in similarity between 83 and 94%; Goring and Rothstein, 1996) , which is thought to allow for the specificity of the self-incompatible reaction. In contrast, the S/.L, gene is identical between the 970 and AW regions, and a cDNA isolated from the A14-SLL, gene is identical to that from the 970 gene. This sequence identity between the 970 and ^70 genes extends to the intron regions. DNA gel blot hybridization results showed that the SLL 2 gene present Westar DISCUSSION Self-incompatible species are thought to be derived from selfcompatible forebears, with the genes coding for the proteins responsible for this phenotype possibly arising from ones involved in other cellular processes. The spread of these SI genes is likely due to their promotion of outbreeding and the concomitant prevention of inbreeding depression (Charlesworth and Charlesworth, 1987) . However, there is a potential sacrifice of seed set due to the prevention of self-pollination, and there is a definite mating advantage to an individual carrying an allele different from its neighbors. At the same time, for the stigma and the pollen self-incompatible phenotypes to maintain self-recognition and the rejection of self-pollen, evolution of both responsible genes must have occurred. In this context, it is interesting to look at the structure of the genes in the region of the chromosome responsible for the selfincompatible phenotype. Total RNA gel blot of the SLL, gene transcripts extracted from different sizes of T2 buds. Lanes 1 to 8 correspond to 1-to 8-mm buds, respectively. The number at left is the molecular length marker in kilobases. The 18S rRNA served as a control to show that approximately equal amounts of total RNA were loaded in each lane in this region is also very similar, with copies present elsewhere in the genome having greater sequence diversity.
The sequence heterogeneity of the SLG and SRK genes versus that present for the SLL, gene (and likely the SLL 2 gene) is intriguing. There are three possible explanations. First, the sequence diversity of the SLG and SRK genes might be selectively favored to promote allelic variation, whereas random mutations in the SLL, and SLL 2 genes might by chance have not been maintained in the population. This seems very doubtful not only because it is quantitatively unlikely but also because the kinase regions of the SRK genes, which are almost certainly not involved in the recognition process, are at least as divergent as the receptor region (80 to 95% similar). The second possibility is that there is a strong selective pressure for maintaining the SLL, and SLL 2 sequences. Although this possibility cannot be excluded, it seems unlikely, because sequence comparisons of the 970-SLL, and XWO-SLL, genes are the same even in intron regions.
The final possibility is that the sequence variability in the SLG and SRK genes is more ancient than their linkage to the SLL, and SLL 2 genes. There are several mechanisms via which this might have taken place; one of them is shown in Figure 12 . A comparatively ancient duplication of a portion of the SRK gene would have led to the production of the SLG gene. The region carrying the SLL, and SLL 2 genes might then have been inserted between the SLG and SRK genes at one allele via transposition and then spread to the other alleles via homologous recombination. If this model is correct, one would predict that between the SLG and SRK genes, at least two different types of DNA sequences might be present. The model would also imply that the SLL, and SLL 2 genes are not involved in SI, although this requires further study.
Some support for the model shown in Figure 12 comes from a comparison of the results described here with what has been shown to occur in S loci from B. oleracea. In contrast to the B. rapa alleles, the B. oleracea S 2 and S 6 chromosomal regions appear to be quite different, with a much greater distance between the SLG and SRK genes (Boyes and Nasrallah, 1992) . We have virtually complete sequence data of the entire region between the 910-SLG and 910-SRK genes, and there is no homologous sequence to the anther-expressed gene SLA present in the B. oleracea allele S 2 (Boyes and Nasrallah, 1995) . Further, the generation of the variation in the SLG genes from different B. oleracea and B. rapa alleles appears to predate the origin of B. oleracea and B. rapa as distinct species (Dwyer et al., 1991) . These results support the notion that the linkage of the SLG and SRK genes with the SLL, and SLL 2 genes is a more recent phenomenon than the generation of the different SI alleles. It is necessary to look in detail at other alleles in these species to determine whether this model for the evolution of the gene structure in this chromosomal region is correct. It will be particularly interesting to determine whether the differences between B. rapa and B. oleracea alleles studied to date are found to be a general phenomenon.
Because of the isolation of the S locus-linked SRK gene, a model that is analogous to the ligand-activated receptor tyrosine kinase described in animal systems (Ullrich and The model illustrates several steps that would be involved in the generation of the genes in the region between the SLG and SRK genes. First, the SLG gene would be generated by a duplication of the portion of the SRK gene that codes for the receptor portion. The allelic sequence differences between these genes would exist at this point and would have occurred before speciation of B. oleracea and B. rapa. Second, in a B. rapa plant, the region of DNA carrying the SLL, and SLL 2 genes would be inserted between the SLG and SRK genes at one allele. Finally, by homologous recombination, this region would be passed on to other alleles. At bottom, the pairwise sequence comparisons of the genes present in the 970 and AW alleles are shown. For the SRK gene, the comparisons are between the coding regions of the SLG-like domain (slg) and the kinase domain (kinase). The exact homology of the SLL 2 genes at the two alleles is unknown; however, DNA gel blot hybridization results show it to be very high.
Schlessinger, 1990) for S gene action and SI specificity has been proposed Goring and Rothstein, 1992) . With regard to this pollen component, two models Of sporophytic control have been proposed by Pandey (1958) and Heslop-Harrison (1968) , respectively. The Pandey model postulated that the determinants of the pollen SI phenotype are expressed within the diploid meiocytes premeiotically. In
Heslop-Harrison's model, the pollen factor(s) governing SI specificity is expressed in the sporophytically derived cells of the tapetum and subsequently is transferred to the pollen coat after tapetal cell degeneration. Therefore, there are two considerations used to try to isolate this pollen factor. First, if the assumption that activation of SRKdoes require a pollen-borne ligand is correct, then the close linkage between the stigma and pollen components of SI strongly supports the notion that the latter must be encoded by a gene close to the SRK and SLG genes. Second, this gene should be expressed in anthers either in the diploid meiocytes or in the tapetum before its degeneration. When W1 antherspecific cDNA libraries from anthers of 1-and 2-mm buds, which correspond to the stages from premeiotic diploid meiocyte to microspore release of microsporogenesis (Scott et al., 1991) , were screened using genomic sequences between the SLG-970 and SRK-910 genes as probes, the only two cDNAs isolated corresponded to the SLLl and SLL2 genes. No other transcripts could be detected when this genomic region was used to probe RNA blots (data not shown).
If the SLL, and SLLp genes are truly involved in SI specificity, one would expect that each S region should have a SLL, and SLLp gene. Genomic DNA and RNA gel blot analyses indicated that this was the case. Both SLL, and SLL2 genes are present at the S locus (data not shown) and expressed in W1 and T2 tines (Figures 9 to 11) . However, the SLL2 gene is not SI specific because both self-incompatible and self-compatible genotypes examined contained the DNA sequences and the gene transcripts. There is no obvious hydrophobic signal sequence at the N terminus of the open reading frame, and the predicted protein is fairly hydrophilic with a predicted pl of 4.3.
The fact that this gene is expressed in stigmas and anthers throughout development in both self-incompatible and selfcompatible plants and that there does not appear to be much sequence variability in this gene at different alleles make this gene an unlikely candidate for controlling self-incompatible pollen self-recognition. However, because it is tightly linked to SLG and SRK genes present in severa1 different S alleles and is expressed only in anthers and stigmas, this gene may involved in the specificity of pollen recognition. However, it still is intriguing that this gene is expressed only in the anthers in self-incompatible lines and at the developmental stage for the putative pollen factor; therefore, it is possible that this gene serves some function in the SI phenotype.
If the SLLl gene does contribute to SI, there are two ways in which it might be involved. One possibility is that this gene could encode two small pollen proteins. Small proteins are known to act as signals not only in animals but also in plants and fungi (Pearce et al., 1993; Sande et al., 1996) . These proteins could be transferred to the stigma surface by the pollen and help to trigger the series of physiological reactions that result in the rejection of self pollen. Another possibility is that the SLL, gene may not be translated at all. Recent studies with animals have shown that some functional genes are transcribed and processed but not translated (Brown et al., 1992) .
Untranslated RNA with unknown biological functions have also been found in plants (Turcich and Mascarenhas, 1994) . Therefore, it is possible that the SLLl gene plays a role in SI phenotype that could be mediated by its RNA transcripts.
Severa1 conclusions can be made concerning the region of DNA between the SLG and SRK genes. First, two transcripts derived from this region can be detected by either probing cDNA libraries or using RNA gel blot analysis. Second, neither of these transcripts appears to code for a protein involved in pollen recognition. Finally, given the lack of sequence variation in these genes, the most likely explanation is that they have been inserted between the SLG and SRK genes after the generation of their sequence diversity at different alleles. This supports the notion that the development of the S allelic series in Brassica ssp was a comparatively ancient evolutionary event.
METHODS
Plant Materials
The 910 allele in the W1 line originated from a self-incompatible Brassica rapa plant and was introgressed into 8 napus ssp oleifera cv Westar through a series of backcrosses as described by Goring et al (1992a) The self-incompatible T2 line was also produced by a series of backcrosses involving a field-vernalized stock of the self-incompatible rutabaga (8 napus ssp rapifera) line 2 as the donor of the S locus and a spring canola quality variety Topas as the recipient (Goring et al , 1992133 be involved in some aspect of SI or may be a housekeeping gene that is required during flower development.
The location of the S L L~ gene at the s locus, the specificity of this gene to this region, and the specific expression of this gene in anthers of self-incompatible lines made it a potential candidate for the determinant of SI specificity in pollen. Howeveri the Onl y Open reading frames present in this transcript would cede for two small polypeptides. Furthermoret the sequencefor this region in theA7O ak?k iS identical to that present in the 970 allele. This makes it very unlikely that this gene iS lSOlatiOn Of High Molecular Weight DNA and Pulsed-Field Gel High molecular weight DNA for pulsed-field gel electrophoresis (PFGE) analysis was obtained from situ l Fi s of protoplasts embedded in agarose in a way essentially as described by Gana1 and Tanksley (1989) . Briefly, three pieces of large young leaves (-10 g ) were cut into 2-to 3-mm-wide strips and incubated in protoplast buffer (0.5 M mannitol and 20 mM Mes) containing 1% (wlv) cellulase and 0.05% (w/v) pectinase (Sigma) for 18 hr at room temperature, followed by 20 min of gentle shaking. After removing the leaves in their entirety, the liquid was filtered sequentially through Miracloth (Calbiochem) and a 56-pm nylon mesh filter (InterScience Inc., Markham, Canada). The resulling protoplasts were collected by centrifugation at 1759 for i 0 min and washed three times in protoplast buffer. Concentrated protoplasts were combined with an equal volume of l % melted agarose to give a final concentration of -108 protoplasts per mL. One hundred microliters of the protoplast-agarose mixture containing -10' protoplasts was loaded into a gel mold (Pharmacia) to form an agarose plug. Solidified agarose plugs were incubated in protoplast lysis buffer (0.5 M EDTA, pH 9.3, 1% sarkosyl [wlv] , and 1 mglmL proteinase K) at 5OoC for 2 or 3 days with at least one solution change each day and gentle shaking.
Before restriction enzyme digestion. the plugs were incubated in equilibration buffer (10 mM EDTA, pH 8.0, and 1 mM phenylmethysulfonyl fluoride) for 6 hr with twosolution changes, followed by incubation in TE buffer (10 mM Tris and 1 mM EDTA, pH 8.0) for 4 hr with one solution change. Half of a plug (50 FL) was digested overnight by using 50 units of restriction enzyme in standard buffer with the addition of spermidine, DTT, and ESA to a final concentration of 3 mM, 2 mM, and 0.1 mglmL, respectively.
PFGE was performed in a 2015 Pulsaphorelectrophoresis unit (Pharmacia). Agarose plugs containing restriction enzyme-digested DNA were size fractionated on a 1.2% agarose gel (Sigma No. A-2929) in 1 x TBE buffer (89 mM Tris, 89 mM boric acid, and 2 mM EDTA) at 165 V with a pulse regime of 6 hr each for 5, 15, 35, and 65 sec or a pulse regime of 8 hr each for 1 and 5 sec. Thereafter, treatment of lhe gel and its hybridization conditions were the same as those used for a normal genomic DNA blot, as described below. To obtain SLG-970 and SRK-970 gene-specific probes for the gel blot of W i genomic DNA, the promoter of SLG-970 sequence was isolated by ligation-mediated polymerase chain reaction (PCR) according to the method described by Mueller and Wold (1989) ; the promoter of SRK-970 gene was isolated by inverse PCR as described by Ochman et al. (1988) .
Screening of Genomic DNA Library
A X Fix II (Stratagene) W1 genomic DNA library was screened to obtain DNA sequences located at the S locus. Approximately 200,000 recombinant plaques were hybridized either with the 3' end of SLG-970 cDNA or the promoter of lhe SRK-970 gene by using standard plaque lift methods (Sambrook et al., 1989) . Prehybridization, hybridization, and washing conditions were the same as those described below for genomic gel blots. One positive clone was identified by each probe.
Notl genomic inserts were subcloned into pEluescript II KS+ and KSplasmids.
Construction and Screening of the Anther cDNA Library
Anthers from 1-and 2-mm buds of W1 plants were collected separately. The isolation of their poly(A)+ RNAs and the synthesis of their cDNAs were done as described by the manufacturers (Pharmacia and Gibco BRL, respectively). After ligation to the adapters, which were synthesized to incorporate the Notl restriction site, the cDNA was size fractionated on a 0.7% low-melting-temperature agarose gel in 1 x TAE buffer (0.04 M Tris, 0.02 M sodium acetate, and 0.001 M EDTA, pH 8.0). The regions with 300 to 700 bp and 700 to 4000 bp of cDNA were cut individually and gel purified, followed by PCR amplification. The PCR products were digested with the Notl restriction enzyme and ligated into pBluescript II KS+ and KS-plasmids. For screening, 10 plates for each library (300 to 700 bp of cDNA from anthers of 1-mm buds, 700 to 4000 bp of cDNA from anthers of 1-mm buds, 300 to 700 bp of cDNA from anthers of 2-mm buds, and 700 to 4000 bp of cDNA from anthers of 2-mm buds) with .vIO,OOO colonies per plate were prepared, and colony lifts were performed according to Sambrook et al. (1989) . Equal quantities of the SLG-910 and SRK-970 genomic DNA fragments were labeled together as a probe. Prehybridization, hybridization, and washing conditions were the same as those used for genomic gel blots. Nine and 12 positive clones were identified in the large fraction (700 to 4000 bp) of cDNA libraries from anthers of 1-mm and 2-mm buds, respectively. Cross-hybridization among them resulted in two distinct clones.
Rapid Amplification of 5' cDNA Ends and DNA Sequencing
Full-length SLL, cDNA was obtained by the 5' rapid amplification of cDNA ends procedure as described by Frohman et al. (1988) . The ends of the cDNA and the genomic DNA clones in pBluescript II KS+ and KS-were sequenced by dideoxy nucleotide sequencing and the sequenase enzyme (U.S. Biochemical). The full-length sequences of the cDNA and the genomic clones were obtained either bydeletions using exonuclease 111 and mung bean nuclease, according to the procedure recommended in the Stratagene kit, or by sequentially sequencing with synthesized primers. All DNA and protein sequences were analyzed by DNASlS and PROSIS (Hitachi America, Ltd., San Bruno, CA) software.
Genomic DNA Gel Blots
Genomic DNA was extracted according to the method described by Goring et al. (1993) . Approximately 10 pg of genomic DNA was digested with restriction enzymes and fractionated on a 0.8% agarose gel. After denaturing the gel in 0.4 M NaOH and 0.6 M NaCl for 1 hr, it was neutralized in 0.5 M Tris-HCI, pH 7.5, and 1.5 M NaCl for 30 min. The gel was blotted overnight with 20 x SSC (1 x SSC is 0.15 M NaCl and 0.015 M sodium citrate), 10 x Denhardt's solution (1 x Denhardt's solution is 0.02% Ficoll, 0.02% polyvinylpyrrolidone, and 0.02% BSA), and 0.5% SDS for 4 hr, followed by hybridization at 42OC in 50% formamide, 10% dextran sulfate, 5 x SSPE (1 x SSPE is 0.15 M NaCI, 10 mM sodium phosphate, and 1 mM EDTA, pH 7.4), 0.5% SDS, and 50 pg/pL salmon sperm DNA. Washing was conducted at 68% in 0.1 x SSC, 0.1% SDS. Probes were labeled by random priming (Feinberg and Vogelstein, 1983) .
RNA Analysis
Total RNA was isolated from tissues by using the method of either Jones et al. (1985) or Chang et al. (1993) . Approximately 10 pg of total RNA was size fractionated on a 1.2% formaldehyde gel and transferred to a Hybond N+ (Amersham) membrane in 20 x SSC. Prehybridization, hybridization, and washing conditions were conducted under the same conditions as those described for genomic DNA, except that the temperatures were adjusted accordingly. A 15-kb EcoRl fragment from a 8. rapa cDNA encoding the 18s rRNA (Da Rocha and Bertrand, 1995) was used as a control probe.
The Expand PCR Boehringer Mannheim's Expand long template PCR system was used to amplify the missing sequence between the 15-kb SLG and 14-kb SRK genomic fragments Specific DNA primers were synthesized according to the sequences at the 3' and 5' ends of the 15-kb SLG and the 14-kb SRK genomic fragments, respectively PCR amplificatton was performed first for 10 cycles of denaturation at 94OC for 15 sec, annealing at 62OC for 30 sec, and extension at 68OC for 6 min, followed by another 20 cycles of ampliftcation with the same denaturation and annealing conditions but an increased extension time of 20 sec per cycle Finally. a 10-mtn extension was conducted at 68°C The PCR products were cloned tnto the P-GEM-T vector (Promega) according to the methods provided by the manufacturer
